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METHOD FOR DETECTING FLUORIDE OR HYDROGEN FLUORIDE, AND 

DETECTION KIT 



TECHNICAL FIELD 

The present invention relates to a method for detecting 
and/or measuring the concentration of fluoride (F~) or 
hydrogen fluoride (HF) which is present in a sample and 
to a detection kit for implementing this method. This 
invention makes it possible to measure an environmental 
pollutant efficiently and sensitively. The invention is 
based on a method which is entirely original and is 
easy to implement. 

Hydrogen fluoride is a strong inorganic acid which is 
colorless and very soluble in water, where it forms 
hydrofluoric acid. HF is a gas which is widely used in 
industry, in particular for producing polymers, cooling 
liquids and fire -extinguishing products, for refining 
aluminum, for preparing nuclear fuels and for 
manufacturing components for electronics. In addition, 
it is a product which is emitted during the combustion 
of coal, household or industrial wastes and plastics. 

HF is toxic above concentrations of the order of 
3X10" 2 1 of HF/10 6 1 of air (30 ppm) . HF is a powerful 
irritant which can cause burns, resulting from exposure 
of the skin/mucous membranes, as well as inflammation 
of the upper and lower airways. In addition, its 
absorption can give rise to metabolic disturbances. 
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Furthermore, this product is very corrosive in regard 
to a large number of materials such as iron, bronze and 
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glass . 

The protection of people, of the environment and of 
industrial equipment consequently makes it necessary to 
5 set up means for monitoring its concentration, 
particularly in industrial effluents and in 
laboratories, as well as in the atmosphere surrounding 
these installations, in order to be able-" to take 
appropriate measures if dangerous concentrations of HF 
10 are detected. 

Norms for acceptable atmospheric concentrations of HF 
have been established in a large number of countries. 
These norms are generally between 5X10" 5 and 5X10' 4 1 of 
HF/10 6 1 of air (between 0.05 and 0.5 ppm) . 

15 

In the remainder of the description, the references 
between square brackets [ ] refer to the reference list 
which is appended hereto. 

20 Prior art 

To date, a large number of methods have been developed, 
and described, for measuring HF or fluoride ions. In 
general, these techniques are based on chemical, 
25 electrochemical, spectrometric or optical detection. A 
large number of devices which can be used for detecting 
and measuring the quantity of HF are available 
commercially. 

30 Document [1] in the appended reference list describes a 
number of electrochemical, spectrophotometric and 
chromatographic methods which can be used for detecting 
and measuring the quantity of HF in a sample. 

35 A reference method, termed ID-110, which is . based on 
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using specific electrodes is described on the OSHA 
website with the reference number [2] . While the 
sensitivity of this method is 1.2X10" 2 1 of HF/10 6 1 of 
air (12 ppb) , the method is a laboratory test which is 
5 difficult to apply in the field. As far as field 
methods are concerned, they are much less sensitive and 
of the order of 0.2 1 of HF/10 6 1 of air (200 ppb) . 

Another method uses a detector which is based on a 
10 silicon carbide substrate ( "Metal Insulator 

Semiconductor" : MIS) . This method is described, for 
example, in the document with the reference number [3]. 
Various manufacturers propose a variety of electronic 
detection instruments for measuring HF. Examples of 
15 these are the OEM Fluorine Sensor (trade mark) 
instrument from the Bionics Instrument company and 
which is described on the website with the reference. 
[4] , or the LaserGas (trade mark) instrument from the . 
NORSK ELEKTRO OPTIKK A/S company. 

20 

The detection limits which are given for these 
instruments are expressed in parts per million or parts 
per billion (ppm or ppb) in the case of a gaseous 
medium or as nanograms or micrograms per milliliter 
25 - (ng/ml or jxg/ml) in the case of an aqueous medium.- In 
general, the limits are of the order of 10" 4 1 of 
HF/10 6 1 of air (0.1 ppm) or, when in solution, of from 
1 to 1000 ng of HF/ml in the case of the best systems. 

3 0 Unfortunately, these methods and instruments require 
space, are difficult to move about, are sometimes 
difficult to implement and are frequently expensive. 
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A w ideal means for detecting" HF should combine the 
following features: 
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sensitivity: measurement of at least 10" 4 1 of 
HF/10 6 1 of air (0.1 ppm) , 

5 - cost: this should not be too high in order to make 
it possible, if necessary, to readily increase the 
number of detectors, 

availability: a number of published techniques are 
10 not available on the market, particularly because 

of the difficulty in implementing them, 

mobility: it should be possible to easily move the 
means, in order to be able to use it at different 
15 sites, 

rapidity of implementation, and of the use of the 
results. 

2 0 It appears that none of the methods or devices of the 

prior art combines all these properties. 

There is therefore a real need for novel techniques 
which combine as many as possible of the abovementioned 
25 features of the "ideal detection means" . 

Account of the invention 

The object which is achieved by the present invention 

3 0 is specifically that of supplying a method and a kit 

for detecting HF, which method and kit possess all the 
abovementioned features and furthermore do not suffer 
from the abovementioned drawbacks of the methods and 
devices of the prior art. 
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This object is achieved by means of a method for 
detecting and/or measuring the concentration of 
fluoride (F~) or hydrogen fluoride (HF) in a sample, 
which method comprises the following steps: 

5 

bringing said sample, in aqueous solution, into 
contact with a silylated organic compound in order 
to obtain a measurement solution, -with said 
silylated organic compound being desilylated when 
10 it is in the presence of hydrofluoric acid or of 

fluoride, with the silylated organic compound and 
the desilylated organic compound being able to be 
detected and/or measured separately from each 
other; and 

15 

detecting and/or measuring, in said measurement 
solution, the appearance of the desilylated 
organic compound, or the disappearance of the 
silylated organic compound, which takes place if 
20 fluoride or hydrogen fluoride is present in the 

sample . 

In the description which follows, fluoride (F") , 
hydrogen fluoride (HF) and hydrofluoric acid are 
25 implicitly designated by the terms "fluorine" or 
"fluorine and its derivatives". Fluoride (s) is 
understood as meaning salts of fluorine. 

Fluorine is a very nucleophilic atom and, for this 
30 reason, it can intervene in nucleophilic substitution 
reactions. More, particularly, it can specifically 
attack bonds of the silicon- oxygen (Si-O) type in the 
manner shown in the following chemical equation. 
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R 1 Si OH + F + HO-R 4 

R 3 

silylated compound R 4 hydrogen fluoride silyl group compound R 4 

(desilylated) 

5 General principle of the reaction of HF 

on the Si-O bond (desilylation) 

In this chemical equation, R 1 , R 2 and R 3 are 
substituents of Si and form, with the latter, a 
10 silylation group of the organic compound R 4 within the 
meaning of the present invention. 

R 1 , . R 2 and R 3 can be selected independently from C x to C 6 
alkyls. For example, R 1 , R 2 and R 3 can be selected 
15 independently from the group consisting of methyl, 
ethyl , propyl and butyl . 

In this chemical equation, -R 4 therefore represents the 
organic compound which is silylated (on the left) or 

20 desilylated. (on the right) during the implementation of 
the method of the invention. In order to be able to be 
silylated, this compound contains at least one hydroxyl 
function which is accessible for silylation. This 
compound is advantageously an organic compound in order 

25 to facilitate its detection when the method of the 
invention is implemented. In general, it has a 
molecular weight of from 250 to 200 000 g.mol" 1 , for 
example from 250 to 1500 g.mol" 1 , in particular for 
issues of solubility, and therefore sensitivity, and 

3 0 reproducibility of the fluorine detection and/or 
measurement results . The compound can be a hydroxylated 
compound which is selected, for example, from 
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-Si O R + HP 
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estradiol, peptides, for example peptides containing 
from 3 to 50 amino acid residues, homovanillic acid, 
amphotericin, steroids, cytokines and arachidonic acid, 
or derivatives of these compounds. 

5 

A peptide which can be used in the present invention is 
described, for example, in reference [5] ; homovanillic 
acid which can be used, and derivatives thereof, are 
described, for example, in references [6] and [7] ; 

10 amphotericin which can be used is described, for 
example, in references [8] to [10] ; steroids and 
. steroid derivatives which can be used in the present 
invention are described, for example, in references 
[11] to [17]; cytokines and cytokine derivatives which 

15 can be used in the present invention are described, for 
example, in references [18] to [20] ; and arachidonic 
acid and its derivatives which can be used are 
described, for example, in references [21] to [24] . 

2 0 The essential thing is that the silylated organic 
compound and the desilylated organic compound can be 
detected and/or measured separately from each other in 
order to make it possible to detect and/or measure the 
disappearance of one, and/or the appearance of the 

2 5 other, of these compounds in the measurement solution. 
Thus, the method of the invention is based on detecting 
the silylated organic compound or the desilylated 
organic compound, or these two compounds, but then 
separately from each other. 

30 

According to the invention, any suitable reagent can be 
used for attaching a silyl group (silylation) to the 
selected organic compound, provided that the 
desilylated organic compound, or native form, of the 
35 organic compound, can be recovered intact by the simple 
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action of fluorine, or its derivatives, on the 
silylated organic compound. The silyl groups or 
functions which can be used are described above in the 
chemical equation. 

5 

Mention may be made, by way of example, of the 
following reagents which can be used for silylating 
.hydroxylated organic compounds for the purpose of 
implementing the present invention: N, O-bis ( trimethyl- 

10 silyl) trif luoroacetamide (or BTSFA) , N-methyl-N- (tert- 
butyldimethylsilyl) trif luoroacetamide (or MTBSTFA) , 
trimethylsilyl (or TMS) , tert-butyldimethylsilyl (or 
t-BDMS) , N, O-bis (trimethylsilyl) acetamide (or BSA) , 
hexamethyldisilazane (or HMDS) , N-methyltrimethylsilyl- 

15 trif luoroacetamide (or MSTFA) , trimethylchlorosilane 
(or TMCS) , trimethylsilylimidazole (or TMSI) , etc. 

Other reagents and operational modes for silylating 
which can be used for implementing the present 
20 invention can also be found, for example, in references 
[25] to [30] in the appended reference list. 

In. general, these reagents are simple to use and 
readily available and make it possible to transfer a 
25 -silyl function (containing a silicon atom) onto a 
hydroxyl function belonging to the selected organic 
compound . 

Mention may be made, in particular, of the following 
30 two reagents for the purpose of illustrating the fact 
that the inventors have additionally, in the present 
invention, demonstrated a variation in the sensitivity 
and selectivity of the detection and/or measurement of 
fluorine in accordance with the invention in dependence 
3 5 on. the silyl group which is used: 
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BTSFA, which attaches a trimethylsilyl (-Si(CH 3 ) 3 ) 
function to the -OH groups of the selected organic 
compound ; 

5 

MTBSTFA, which attaches a dimethyl tert-butylsilyl 
(Si (CH 3 ) 2 C (CH 3 ) 3 function to the -OH groups of the 
selected organic compound. 

10 BTSFA exhibits the advantage of transferring, to the 
hydroxylated compounds, a silyl which is not 
particularly hydrophobic, thereby enabling the 
silylated organic compound to have relatively good 
solubility. However, the silylated compounds which are 

15 obtained do not always exhibit specificity toward HF in 
regard to their conversion into desilylated compounds 
when the method of the invention is implemented. They 
can also be converted into desilylated compounds by 
other acids which are present in the sample. This 

2 0 reagent can therefore preferably be used for detecting 
fluorine when specificity in regard to the fluorine is 
not required or else for detecting fluorine in samples 
in which the concentration of the other acids is 
sufficiently low as not to interfere with the detection 

25 or the measurement of the fluorine. 

MTBSTFA transfers a more hydrophobic silyl group to the 
hydroxylated compounds and the solubility of the 
resulting silylated compounds in aqueous medium is less 

30 good than in the case of the silylated compounds which 
are obtained with BTSFA. On the other hand, and quite 
unexpectedly, the desilylation of the compounds which 
have been silylated by MTBSTFA is more specific for HF 
than for the other acids tested, as is demonstrated in 

35 the examples. This reagent can therefore advantageously 



10 



314260.3 EE 



be employed for detecting hydrogen fluoride in a sample 
when specificity in regard to fluorine is required, for 
example when the sample contains other acids at 
concentrations significant . 

5 

Thus, the inventors have discovered, in particular by 
using these reagents, that the specificity of the 
attack on the Si-0 bond by the fluorine also depends on 
the radicals which are attached to the silicon and 

10 oxygen atoms. Thus, when the silylation group is 
selected appropriately, the other inorganic or organic 
acids and salts in the sample do not interfere with the 
measurements which are taken when the method of the 
invention is implemented. For example, HF has almost 

15 the same desilylation activity as HCl when the method 
of the invention is implemented using -Si-(CH 3 ) 3 and an 
activity which is about 1000 times greater (in the case 
of HF as compared to HCl) when the method of the 
invention is implemented using -O-Si- (CH 3 ) 2 -C (CH 3 ) 3 . 

2 0 

As the above chemical equation shows, the conversion of 
the silylated organic compound into a desilylated 
organic compound by the fluorine or its derivatives is 
proportional to the quantity of HF which is present in 
25 the sample. It is therefore possible, by means of the 
method of the invention, to detect and measure, at one 
and the same time, the fluorine and its derivatives 
which are present in a sample. The essential feature of 
the invention, and its inventive nature, consist 

3 0 precisely in detecting the fluoride and/or the hydrogen 

fluoride by using a detection means which measures the 
difference between the silylated organic compound and 
the unsilylated (desilylated) organic compound, and 
therefore detecting/quantifying the desilylation which 
35 is catalyzed by the presence of the fluorine. 
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The step of bringing into contact can be effected by 
mixing the sample and the silylated organic compound in 
an aqueous solution. The mixing can be effected by 
5 simply adding the sample and the fluorine in solution 
or by means of active mixing, for example using a 
mechanical or magnetic stirrer, by means of 
ultrasonication, etc., of the sample and the fluorine 
in solution, with the objective naturally being that of 
10 promoting the interaction between the fluorine, if it 
is present, and the silylated organic compound so as to 
ensure that they react together. 

The sample can be a liquid, solid or gaseous sample. 

15 When the sample is not liquid, the step of bringing the 
sample and the silylated organic compound of the method 
of the invention into contact in aqueous solution 
naturally comprises dissolving the sample in an aqueous 
solution, for example by means of bubbling when the 

20 sample is gaseous or by means of mixing or solubilizing 
while stirring when the sample is solid, with the aim 
of this dissolution being that of once again finding 
the fluorine of the gaseous or solid sample in the 
contacting aqueous solution. The methods which are used 

25 for this dissolution are well known to the skilled 
person. 

The inventors have demonstrated that the addition of a 
water-miscible organic solvent to said contacting 

3 0 aqueous solution can substantially increase the 
sensitivity of the detection and/or measurement of the 
fluorine by the method of the invention. By way of 
example, the organic solvent can be selected from 
dimethyl formamide (DMF) , dimethyl sulfoxide (DMSO) , 

3 5 ethanol or methanol or equivalent organic solvents 



12 



B14260.3 EE 



which are known to the skilled person. Thus, the 
inventors have measured an increase in the sensitivity 
of the detection of the fluorine by a factor of 100, 
and even of 500, when such solvents are used. For 
5 example, when using DMSO, the sensitivity of detection 
extends to 0.001 jxg/ml . 

The organic solvent could have several different 
effects: facilitating the solubility of the silylated 

10 organic compound, facilitating the desilylation or 
decreasing interference in the detection (noticed, in 
particular, in the immunotests) . Whatever it may be, 
one of these effects alone is not sufficient to explain 
the quite surprisingly significant increase in the 

15 sensitivity of detection in the presence of the organic 
solvent. This organic solvent can be present in a 
quantity in the range from 1 to 9 9% by volume of the 
contacting aqueous solution, advantageously from 5 0 to 
95% by volume of the contacting aqueous solution, with 

2 0 the remainder being water. 

The origin of this solvent can advantageously be the 
recovery solvent of the silylated organic compound 
after it has been prepared, that is to say after the 
25 organic compound has 'been silylated. The step of 
bringing into contact can then be effected by mixing 
the aqueous solution of the fluorine and the organic 
solution of the silylated organic compound. Otherwise, 
the organic solvent can be added independently to the 

3 0 contacting solution. 

The detection of the silylated organic compound which 
disappears or of the desilylated organic compound which 
appears can be effected using any means known to the 
3 5 skilled person which makes it possible to demonstrate 
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the presence of one or other of these compounds 
separately. The means can, for example, be a detection 
and/or a measurement which is effected by gas 
chromatography or a detection and/or a measurement 
5 which is effected by means of an immunological test. 

For the purpose of carrying out the measurement, a 
standard series can, in a- general manner, be first of 
all determined by applying the method of the invention 

10 using known quantities of hydrofluoric acid or 
fluorine, or using known quantities of the silylated or 
unsilylated organic compound. This standard series will 
then make it possible, by means of simple 
extrapolation, to determine the quantity of fluorine, 

15 of hydrogen fluoride or of hydrofluoric acid which is 
present in the sample. 

In a first embodiment of the present invention, the 
detection and/or the measurement can be effected by 
20 means of gas chromatography. This is because this 
technique makes it possible to separately detect and/or 
measure the silylated form or the desilylated form of 
the organic compound according to the invention and 
therefore the fluorine if it is present. The 

2 5 chromatographic techniques which can be used are those 

which are known to the skilled person. The techniques 
described in references [31] to . [33] in the appended 
reference list may be mentioned by way of example. 

3 0 The organic compounds which can be used in this first 

embodiment can be the abovementioned hydroxylated 
organic compounds. The silylation reagents and 
techniques can also be those which are mentioned above. 

35 In a second embodiment of the present invention, the 
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detection and/or measurement of the appearance of the 
unsilylated organic compound or of the disappearance of 
the silylated organic compound is advantageously 
effected using an immunological test, that is to say 
5 using antibodies which are directed either against the 
unsilylated organic compound or against the silylated 
organic compound. No approach of this type is disclosed 
in the prior art. In addition, this embodiment makes it 
possible to detect the fluorine much more sensitively 
10 than do the techniques of the prior art. 

In a general manner, antibodies are proteins which are 
able, with very great specificity, to recognize, and 
bind to, structures termed antigens in order to form a 
15 detectable antibody/antigen complex. However, since HF 
is a molecule of very small size, it is impossible to 
produce antibodies against it. Since they were unable 
to produce antibodies which are directed directly 
against HF, the inventors adopted an original strategy 

2 0 based on the abovement ioned chemical properties of the 

fluorine and on using particular silylated organic 
compounds which exhibit the special feature of giving 
rise to the generation of antibodies wheh they are 
injected into an animal. 

25 

The organic compounds which can be used in this second 
embodiment are organic compounds which possess one or 
more hydroxyl group (s) . which enable a silyl group 
within the meaning of the present invention to be 

3 0 attached and which induce, in an animal into which they 

have been injected, the specific production of 
antibodies which are directed against the silylated 
organic compound or against the unsilylated organic 
compound. The organic compounds generally have a 
35 molecular weight of from 250 to 200 000 g.mol" 1 , for 
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example from 2 50 to 15 0 0 g.rnol" 1 . The organic compound 
can, for example, be an organic compound which is 
selected from the above-mentioned hydroxylated organic 
compounds, for example selected from estradiol; 
5 peptides, for example peptides comprising from 3 to 50 
amino acid residues, for example the tetrapeptide 
acetylated Ser-Asp-Lys-Pro (AcSDKP) , which is mentioned 
in reference [5] ; homovanillic acid; amphotericin; 
steroids; cytokines; arachidonic acid; or derivatives 
10 of these compounds. The organic compounds can, for 
example, be compounds such as those mentioned in 
references [5] to [24] . 

As an illustrative example, it is possible to use 
15 estradiol or its derivatives. According to the 
invention, "estradiol" is understood as meaning, for 
example, estrat iene- 1 , 3 , 5 diol-3,17p. or 17u-diol, or 
their derivatives, or other, equivalent, compounds, 
provided they are able to generate the formation of 
20 antibodies when they are injected into an animal, for 
example a mouse, and provided they are able to be 
silylated within the meaning of the present invention. 

Examples of silylated estradiols which have been 
25 obtained by the inventors and which can be used in the 
present invention are depicted below. Estradiol 
possesses -OH functions to which it is possible to 
attach a silyl group by means of Si-O bonds, as 
depicted below (to be compared, for example, to native 
3 0 estradiol (Es) , which is depicted in the appended 
Figure 1) . 

The reagents which can be used for silylating the 
organic compound which is selected for. implementing 
35 this second embodiment of the present invention can be 



16 

E14260.3 EE 



those mentioned above, for example BTSFA or MTBSTFA. 

The antibodies which can be used in this embodiment of 
the invention exhibit the special feature of 
5 recognizing the silylated organic compound and the 
unsilylated organic compound differently. These 
antibodies can be monoclonal. They can be prepared by 
means of the techniques which are customary for 
preparing antibodies of this type, for example by 

10 injecting the silylated organic compound, or else the 
unsilylated organic compound, into a mouse in order to 
obtain a mouse antibody which is specific for only one 
of these compounds. Tests can be carried out on 
different batches of prepared antibodies in order to 

15 select antibodies which are specific for only one of 
the two compounds (silylated or unsilylated) for the 
purpose of implementing the method of the invention. 
The skilled person is familiar with these techniques 
for preparing antibodies. 



20 
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Examples of silylated estradiols which can be used in the present 
invention 

5 

By way of example, the documents with the reference 
numbers [34] to [38] outline appropriate methods for 
preparing antibodies which can be used for implementing 
the present invention. 

10 

Also by way of example, references [5] to [24] and [39] 
to [42] additionally describe antibodies which can be 
used for implementing the present invention when the 
organic compound is a silylatable compound which is 
15 selected from the above list. 

In . the example which is illustrated by the appended 
Figure 1, the antibody which is directed against 
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estradiol and which is used in the immunoassay is 
selected such that it no longer recognizes estradiol, 
or recognizes it much less well (i.e. in a manner which 
is sufficient for this difference in recognition to be 
5 detected) when the estradiol is modified with a silyl 
group (also termed "modified estradiol" below) . The 
effect of the fluorine on the modified estradiol is to 
attack the Si-0 bond (desilylat ion reaction) , thereby 
enabling the native estradiol to reappear, it then 
10 being possible for native estradiol to be recognized by 
its specific antibody, which is termed "first antibody'' 
below. 

Any means for detecting an antigen/antibody recognition 

15 which are known to the skilled person can be used in 
the present invention for detecting either recognition 
of the desilylated organic compound ("native organic 
compound") by its antibody or recognition of the 
silylated organic compound by its antibody. This is the 

2 0 reason why the terms "means for detecting an 
interaction between a first antibody and the 
unsilylated organic compound" or "means for detecting 
an interaction between a first antibody and the 
silylated organic compound" are used herein. The 

2 5 operational conditions for such detections using 
antibodies are known to the skilled person. Protocols, 
reagents, buffers and operational conditions which can 
be used are described, for example, in the documents 
with the reference numbers [5] to [24] and [39] to 

30 [42] . 

The detection in accordance with this embodiment can be 
effected by carrying out an immunoassay of the 
"competitive" type or of the "noncompetitive" type, for 
35 example such as those which are customarily employed in 
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immunological methods of detection and/or immunological 
methods of measurement . 

According to a first variant of this second embodiment 
5 of the present invention, the detection means can, for 
example, be a labeled molecule which is termed a 
u tracer" and which enters into competition with the 
silylated or unsilylated organic compound, for example 
silylated or unsilylated estradiol, in regard to said 
10 first antibody. This labeled molecule can use an 
enzyme, for example acetylcholine esterase, a 
fluorescent label, a luminescent label or a 
radioisotope for the detection. 

15 The immunoassay (or immunological measurement) of the 
silylated or unsilylated organic compound is then said 
to be "competitive" : it makes use of an antibody which 
is directed against the silylated or unsilylated 
organic compound, for example silylated or unsilylated 

20 estradiol, which is present in a standard series or in 
a sample, and a tracer which is chemically similar to 
the organic compound according to the invention, for 
example estradiol, and which carries a signal (label), 
for example an enzymic, fluorescent, luminescent or 

25 radioactive signal. In the abovementioned example of 
estradiol, the tracer can be obtained, for example, by 
coupling ' the estradiol to an enzyme, for example 
acetylchloline esterase . 

3 0 A "competitive" detection which can be used for 
implementing the method of the invention is depicted 
diagrammatically in Figures 2 and 3. The organic 
compound which is used in these figures is estradiol. 
The labeled molecule or tracer is given the reference 

35 U T" , while unsilylated (unmodified) estradiol is given 
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the reference n Es" and silylated (modified) estradiol 
is given the reference u Es-M" . The first antibody is, 
for example, a mouse antibody (sAb) . Figure 2 shows 
that, while modified estradiol (Es-M) cannot be 
5 recognized by the antibody (sAb) (this inability is 
represented by the cross) , it is converted, when HF is 
present, into native estradiol (Es) which can then be 
recognized by the first antibody (sAb) . It then enters 
into competition with the tracer (T) (labeled 
10 estradiol) . The presence of HF can therefore be 
detected. In this method, the quantity of tracer which 
is bound to the antibody is inversely proportional to 
the quantity of estradiol which is present in the 
sample . 

15 

In this method of detection by competition, the means 
for detecting the interaction between the first 
antibody (sAb) and the unsilylated organic compound (or 
the means for detecting an interaction between the 
20 first antibody and the silylated organic compound) can 
comprise a second antibody (gAb) . For example, this 
second antibody can be a goat antibody (gAb) or a 
rabbit antibody which is directed against the above- 
mentioned mouse antibody (sAb) (first antibody) . A 

2 5 diagrammatic depiction of this detection using a second 

antibody has been added to the appended Figure 2 . This 
second antibody (gAb) can be bound to the bottom of a 
receptacle (R) , for example a microtitration plate. 

30 In this example, therefore, the assay consists in 
effecting a competition, between the tracer and the 
estradiol to be measured, in regard to a limited number 
of antibody molecules. At the end of the reaction, and 
after the tracer which is not bound to the antibodies 

3 5 has been removed, the signal carried by the antibody- 
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bound tracer can be measured. 

When the tracer comprises an enzyme, for example 
acetylcholine esterase (shown diagrammat ically by the 
5 white square in Figure 2) , the detection means can 
additionally comprise an enzymic indicator. In the 
abovementioned example of using acetylcholine esterase, 
the enzymic indicator can consist of a mixture of 
acetylthiocholine and dithionitrof luorobenzene . This 

10 indicator is transformed into a yellow product which is 
visible to the naked eye or which can be quantified 
using a spectrophotomer at 414 nm. This indicator is in 
fact used for applying the Ellman colorimetric 
detection and measurement method for implementing the 

15 present invention. This method is described, for 
example, in the document with the reference number 
[43] . 

According to a second variant of this second embodiment 

20 of the present invention, the detection and/or 
measurement of the fluorine in accordance with the 
method of the invention is effected using an 
immunoassay of the u non- competitive" type. As compared 
to the competitive assay, the difficulty in the 

25 non- competitive approach is linked to the selected 
organic compound, which should possess two chemical 
properties: the possibility of being coupled to a solid 
phase and the possibility of being silylated. In 
addition, having been coupled to the solid phase, the 

3 0 organic compound should be able to be desilylated under 
conditions which are as advantageous as in liquid 
phase. This variant can be applied to the 
abovementioned hydroxylated organic compounds. For 
example, it can be applied to estradiol derivatives 

3 5 such as those mentioned above, for example estradiol 
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3-carboxymethyl ether, or to peptides, for example the 
abovementioned AcSDKP. 

In this variant, the silylated compound is coupled to a 
5 solid phase, for example a support, for example a 
microtitration plate such as those which are currently 
used in laboratories. The sample can be brought into 
contact with the silylated compound which is thus 
immobilized on the plate and the detection and/or 
10 measurement can be effected in situ. 

The silylated compound can be immobilized on, or 
coupled to, the support by any appropriate technique 
known to the skilled person for attaching one of the 

15 silylated organic compounds as defined above to a 
support while at the same time preserving the 
reactivity of the silylated compound with fluoride 
ions. Everything depends on the chemical nature of the 
support and of the silylated organic compound which is 

20 selected for implementing the present invention. This 
attachment can be effected, for example, by means of a 
covalent bond. The support can be a f unct ionalized 
support, that is a support to which chemical groups 
facilitating the attachment of the silylated organic 

2 5 compound have been grafted. The support can, for 

example, be a plate which comprises amino groups, for 
example a Nunc-NH 2 plate, or a plate which is. activated 
with polylysine, for example when the selected 
silylated organic compound is an estradiol derivative 

3 0 such as those mentioned above, for example estradiol 

3-carboxymethyl ether, or a peptide, for example 
AcSDKP. 



35 



Following reaction with the fluoride ions, if they are 
present in the sample, the silylated compound which is 
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attached to the support is transformed into an 
unsilylated compound. The detection and/or measurement 
can then be effected by means of an immunoassay 
technique, for example in the presence of a first 
5 antibody which specifically recognizes the unsilylated 
compound. 

The recognition of the unsilylaued compound by the 
first antibody can be demonstrated by any means known 

10 to the skilled person, for example by labeling the 
first antibody, but also by means of using a second 
antibody which recognizes the first antibody and which 
carries a label (the second antibody is then a tracer) . 
The label can, for example, be one of those which are 

15 customarily used by the skilled person, for example an 
enzymic signal. For example, the second antibody can be 
a goat or rabbit antibody (gAb) which is directed 
against the first antibody, which can be a mouse 
antibody (sAb) . 

20 

One method of w non- competitive" detection is depicted 
diagrammatically in Figure 18. The organic compound 
which is used in this figure is estradiol carboxymethyl 
ether (EstCME) . The first of the antibodies employed is 

25 an anti -estradiol antibody (for example mouse antibody) 
which is given the reference "sAb" (tracer) . The 
unsilylated (unmodified) estradiol is given the 
reference u Es" and the silylated (modified) estradiol 
is given the reference u Es-M" . A second goat or rabbit 

3 0 antibody (gAb) , which is directed against the mouse 
antibody (sAb) , is added, for example to the surface of 
a microtitration plate (R) . The gAb antibody is 
attached to a label, for example an enzyme, in order to 
form the tracer U T" . This figure shows that the 

35 antibody (sAb) is unable to recognize the . modified 
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estradiol (Es-M) (this inability is represented by the 
cross) ; however, when HF is present, Es-M is converted 
into native estradiol . (Es) which can then be recognized 
by the first antibody (sAb) . The presence of HF can 
5 therefore be detected. The quantity of tracer (gAb + 
label) bound to the antibody (sAb) is in this case 
proportional to the quantity of desilylated estradiol 
which '-is present in the sample. 

10 The inventors have determined the operating conditions 
which are advantageous for implementing the method of 
the present invention, whichever embodiment of the 
invention is employed. These conditions can naturally 
be adapted or modified, if necessary, for other silyl 

15 groups employed, for other silylated organic compounds 
or for other means of detection within the meaning of 
the present invention. These conditions are 
particularly advantageous for the second embodiment of 
the present invention. 

20 

Thus, the step of bringing into contact in the method 
of the invention can advantageously be effected at a 
temperature of from 54 to 64 °C. This is because 
phenomena involving the spontaneous desilylation of the 

25 silylated organic compound can appear at temperatures 
which are too high. The skilled person will be able, 
without difficulty, to adapt the temperature at which 
the method of the invention is implemented in 
dependence on the organic compound and the detection 

3 0 method which are selected. 

Also advantageously, the bringing into contact in the 
method of the invention can be effected at a pH of 4.5 
to 6.5, preferably at a pH of 5.5, for example in a 
3 5 50 mM phosphate buffer or using any appropriate buffer. 
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This is because phenomena involving the spontaneous 
desilylation of the silylated organic compound can 
appear at pH values which are too acid. In this case, 
too, the skilled person will be able, without 
5 difficulty, to adapt the pH at which the method of the 
invention is implemented in dependence on the organic 
compound and the detection method which are selected. 

According to the invention, the concentration of the 
10 silylated organic compound, for example such as 
estradiol or another compound of equivalent molecular 
weight, in the measurement solution can be adapted in 
dependence on the molecular weight of the organic 
compound and on the detection and/or measurement means 
15 employed. In general, the concentration can be from 1 
to 2000 ng/ml when the method of the invention is 
implemented, for example from 2 to 500 ng/ml. 

The present invention also relates to a kit for 
20 implementing the method of the invention, with said kit 
comprising the following reagents: a silylated organic 
compound which is desilylated when it is in the 
presence of fluorine or hydrofluoric acid; and a means 
for detecting, in aqueous solution, the appearance of 

2 5 the desilylated organic compound or the disappearance 

of the silylated organic compound. 

The silylated organic compound which is desilylated 
when it is in the presence of fluorine or hydrofluoric 
30 acid is as defined herein. 

The means for detecting and/or measuring the appearance 
of the desilylated organic compound, or the 
disappearance of the silylated organic compound, in 

3 5 aqueous solution naturally depends on the detection 
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and/or measurement method which is used for 
implementing the method of the invention. The methods 
which can be used are as defined above. The detection 
and/or measurement means can therefore comprise one or 
5 more of the following components: colored indicators, 
markers such as those mentioned above, enzymes, 
measurement means such as those mentioned above, 
antibodies which are required tfor detecting and/or 
measuring the silylated and/or unsilylated organic 
10 compound (s), etc. 

For example, the kit can comprise reagents and 
antibodies which are required for implementing an 
immunoassay of the competitive type, or reagents and 

15 antibodies which are required for implementing an 
immunoassay of the non- competitive type. The kit can 
comprise one or more antibodies, for example mouse 
antibodies, which is/are directed against the 
unsilylated or desilylated organic compound or against 

2 0 the silylated organic compound. It can additionally 
comprise one or more antibod ( ies) , for example goat or 
rabbit antibodies, which is/are directed against the 
abovementioned antibodies. It can also comprise a 
tracer which makes it possible to demonstrate the 

2 5 immunological reaction which has been implemented. 

According to the invention, the kit can additionally 
comprise a support for receiving the reagents, for 
example a polystyrene strip in which one or more wells 
30 have been formed, with this/these well(s) being used as 
(a) receptacle (s) for the step of bringing into 
contact, and/or detection and/or measurement, of the 
method of the invention. Thus, the measurement and/or 
the detection can readily be effected in wells of 

3 5 microtitration plates. On such a support, for example 
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the abovementioned strip, the wells can be coated with 
antibody, for example goat or rabbit antibodies, which 
are directed against the mouse ant i -estradiol 
antibodies. The silylated estradiol can also be bound 
5 to the bottom of the wells. 

As a result of the present invention, the inventors 
have ^succeeded in developing a practical and rapid test 
for detecting HF at concentrations which can be of the 
10 order of 0.001 Hg/ml in solution. 

The sensitivity of the method of the invention 
advantageously makes it possible to envisage any 
industrial application and, in particular, the 

15 measurement of atmospheric hydrofluoric acid, which is 
the most useful. In this case, 1X10" 2 1 of HF/10 6 1 of 
air (10 ppb) can easily -be detected. The performance of 
this method is therefore superior to that of the field 
assays of the prior art, which were limited to 

20 detecting HF at concentrations of the order of some 
hundreds of ppb . 

In general, the present invention makes it possible to 
obtain a result in approximately 1/2 to 4 hours, 
25 depending on the nature of the sample and the detection 
means employed. Even if some of the times taken are 
longer than those for certain methods of the prior art, 
the method of the invention is generally more 
sensitive . 

30 

The method of the invention advantageously applies to 
any samples containing hydrofluoric acid or fluoride 
ions: atmospheric sample, foodstuffs, plants and 
biological media. In each case, the conditions for 
3 5 sampling and for preparing a sample are the same as 
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those of any other method for assaying hydrofluoric 
acid or fluoride ions. 

Another advantage of the present invention is that it 
5 is simple to carry out. For example, the technology can 
be identical to that of immunoassays: employment of 
ready-to-use reagents, easy- to-handle dispensing, 
compactness, easy transport and relocation, possibility 
of working without the provision of energy, and reading 
10 with the naked eye or by means of colorimetry using a 
simple pocket spectrophotometer. 

Other applications and advantages of the present 
invention will also become apparent from reading the 
15 description which follows and which is given by way of 
illustration, and in a non-limiting manner, with 
reference to the appended figures. 

Brief description of the figures 

20 

Figure 1 is a diagram showing the part of the 
estradiol (Es) molecule which is recognized by its 
antibody (Ab) . The attachment of an Si atom to the 
-OH of the part of the estradiol molecule 
25 recognized by the antibody prevents the antibody 

from recognizing this molecule. 

Figure 2 ■ is a general scheme for detecting HF by 
means of the method of the invention in accordance 
3 0 with the first embodiment, in which the detection 

is effected by competition. 

Figure 3 is a diagram of a competitive immunoassay 
(on the left) and of the measurement of the signal 
35 which is obtained using such an assay (on the 



right). In this figure, S(%) represents the signal 
emitted by the tracer (T) which is bound to the 
antibody (Ab) ; and [Es] (M) represents the molar 
concentration (mol/1) of the native estradiol. 

Figure 4 is a graph which shows the effect of 
different organic acids on the desilylation of 
trimethylsilylestradiol which is obtained using 
BT.SFA (B/Bo is a measure of the signal in the form 
of a ratio between the signal in the presence of 
HF (B for bound) and the signal in the absence of 
HF (Bo for unbound) in an immunological test in 
accordance with the protocol of Example 2 below. 
[H + ] (M) represents the molar concentration of acid 
for each acid identified in this graph. 

Figure 5 is a graph which shows a study of the 
conditions for desilylating estradiol: 

temperature, and pH of the 50 mM phosphate (P) 
buffer (the B/Bo signal is measured as in 
Figure 4) . 

Figure 6 is a graph which shows the effect of 
different acids on the desilylation of silylated 
estradiol in 50 mM phosphate buffer, pH 5.5. 
[H + ] (M) represents the molar concentration of 
acid for each acid identified in this graph. The 
data are similar with hydrochloric acid, nitric 
acid or sulfuric acid (the B/Bo signal is measured 
as in Figure 4) . 

Figure 7 is a graph which shows the specificity of 
the detection of HF, as compared to other 
nucleophiles and halogens, by the method of the 
invention. [P] (M) represents the molar 



concentration of halogen or other nucleophiles for 
each halogen identified in this graph (the B/Bo 
signal is measured as in Figure 4) . 

Figure 8 is a graph which shows the specificity of 
the detection of HF by the method of the invention 
in the presence of different salts [X + F~] (M) 
&■ represents the molar concentration of : fluorine 
salt for each salt identified in this graph (the 
B/Bo signal is measured as in Figure 4) . 

Figure 9 is a graph which shows the correlation 
between the concentration of fluorine [F] (in 
jj.mol/1) which is detected (d) by the method of the, 
invention and the theoretical concentration ( [F] t h) 
in samples of atmosphere which is contaminated 
with fluorine. 

Figures 10 to 14 are graphic representations of. 
experimental results obtained in regard to the 
recognition of unsilylated estradiol by specific 
antibodies in accordance with non-competitive 
immunological assay protocols. In these figures: 

Figure 10 depicts the signal (S) (mOD) obtained 
for the coupling of estradiol carboxymethyl ether 
(EstCME) to microtitration plates possessing amino 
groups (aminated Nunc plates) in dependence on the 
concentration of the estradiol (in |lg/ml) . 

Figures 11 and 12 depict the signal (S) (mOD) 
(absorbance measured at 414 nm) obtained for the 
coupling of estradiol carboxymethyl ether to 
polylysine (poly-Lys) -activated microtitration 
plates in dependence on the concentration of 



polylysine (in |lg/ml) . 



Figure 13 depicts a test of the silylation of 
estradiol carboxymethyl ether by MTSBTFA: the 
efficacy of the silylation is measured by the 
increase in the signal (S) (mOD) , in dependence on 
the dilution of the MTSBTFA (1/5; 1/2; 1/1) and on 
the temperature in degrees Celsius (°C) . 

Figure 14 depicts an immunometric format test 
following silylation of the estradiol 

carboxymethyl ether: the signal (S) (mOD) is 
measured in dependence on the presence or absence 
of HF. In this figure Bo represents the signal in 
the absence of HF (control) . 

Figure 15 depicts, in the form of a graph, 
experimental results obtained from implementing 
the method of the invention using a silylated 
organic compound which is a tetrapeptide , AcSDKP: 
the signal (S(mOD)) is measured at 414 nm. Two 
series of assays were carried out: one series 
using the tetrapeptide which was silylated with a 
first silylating reagent (MTSBTFA) , and one series 
using the tetrapeptide which was silylated with a 
second silylating reagent (BSTFA) . Three assays 
were carried out in each series: at 22 °C, at 37°C 
and at 70°C, and measurements were made at 10, 30 
and 6 0 minutes in each case. 

Figure 16 is a graphic depiction of experimental 
results which were obtained in a study of the 
efficacy of the detection of the fluorine by the 
method of the present invention in dependence on 
the desilylation temperature (T(°C)): the signal 



32 



B14260.3 EE 



(S(mOD)) is measured at 414 nm. The silylated 
compound employed is that of Figure 15 obtained 
with MTBSTFA. 

5 - Figure 17 depicts, in the form of a graph, 
experimental results obtained from implementing 
the method of the invention using a silylated 
organic compound which is a derivative of 
estradiol: the signal (S(mOD)) is measured at 
10 414 nm in dependence on the concentration of 

fluorine [F] in micromoles/1 (|iJM) . 

Figure 18 diagrammat ically depicts the mechanism 
of a non- competitive immunological detection as 
15 can be used in the detection step of the method of 

the invention. 

Figure 19 is a graph which shows the results of", 
detecting the fluorine by the method of the 

20 invention in the presence of dimethyl sulfoxide 

(DMSO) : B/Bo is a measure of the signal in the 
form of a ratio between the signal in the presence 
of HF (B) and the signal in the absence of HF 
(Bo) , and [F"] (M) is the molar concentration of 

25 fluoride ions. 

Examples 

The different aspects of the method of the invention 
3 0 has been studied below: the setting-up of the 
immunological assay for estradiol, tests of the 
conditions for modifying the estradiol by silylation, 
verification of the silylated organic compounds by mass 
spectrometry, testing of the reaction of the silylated 
3 5 compounds with HF, optimization of the chemical nature 
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of the silylated derivatives, optimization of the 
concentrations of reagents, sensitization of the 
measurement, optimization of the specificity of the 
measurement in regard to acids, testing of the 
5 applicability of the measurement. The main results of 
these studies are set out below. 

The tests were carried out on samples of atmospheric 
hydrofluoric acid (simulation in the laboratory) and on 
10 samples of water containing fluoride ions. 

In order to determine the power of the method of the 
invention, the inventors defined its sensitivity 
parameters. Its sensitivity represents the quantity of 

15 HF which is required in order to engender a signal 
which is statistically different from, the signal which 
is obtained in the absence of HF. In accordance with 
the method of the invention, the quantity of native 
(unsilylated) estradiol which is present in the sample 

20 to be measured depends on the quantity of fluorine 
which is to convert undetectable silylated estradiol 
into detectable unsilylated estradiol. For the purpose 
of measuring HF, therefore, the sensitivity was defined 
as the requisite quantity of fluorine which, when 

2 5 brought into the presence of dimethyl tert -butyl 
estradiol, is able to induce a signficant decrease in 
the bond between the antibody and the enzymic tracer. 

Example 1: Application of the method of the invention 
30 to the detection and measurement of the fluorine by 
competitive immunoassay 

In this example, the organic compounds which are 
selected are compounds which are derivatives of Pl7- 
35 estradiol. 
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1) Preparing the anti-estradiol antibody 

The antibody which was used in the assay was produced, 
5 in particular, from compounds which were derived from 
Pl7 -estradiol and which were coupled to bovine albumin 
with the aim of obtaining antibodies in mice. 

The technique employed is that described in reference 
10 [39] . 

2) Preparing an antibody mouse antibody from the anti - 
estradiol antibody 

15 Goat anti -mouse antibody antibodies marketed by the 
Immunotech company (Lumigny) are used for coating 
(dilution at which used: 5 |i.g/ml) 96 -well polystyrene 
microtitration plates (Nunc) . After having been coated, 
the plates are stored at 4°C in a buffer containing 

2 0 0.5% albumin. 

Binding to the plate is effected by simple absorption. 
The incubation should be sufficiently long to enable 
the protein to become attached. This preparation forms 
25 part of the general knowledge of the skilled person. 

3) Preparing the enzymic tracer 

The enzymic tracer was obtained by coupling estradiol 
30 to acetylcholine esterase (AChE) . Thiol groups are 
introduced into the estradiol using N-succinimidyl 
S^acetylthioacetate . The estradiol which has thus been 
modified is coupled to the AChE, into which maleimide 
groups which react with the estradiol thiol groups have 
35 been introduced. The tracer was purified by gel 
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filtration and then stored in aliquot form at -20°C. 

The documents with the reference numbers [44] and [4 5] 
describe the techniques and the enzymic tracers which 
5 are used for this preparation, and which can be used 
generally in the present invention. 

4) Products and other reagents 

10 Estradiol was obtained from Sigma Aldrich. The 
silylating agents were obtained from the Perbio 
company . 

Hydrofluoric acid is obtained from the Merck-Eurolab 
15 company. 

All the reagents, i.e. tracer, antibody, estradiol and 
samples, were used while being diluted in an 0.05M 
phosphate buffer, pH 7, containing azide (0.01% w/v) 
20 (% w/v = ratio of weight in g to a volume of 100 ml) 

(that is, in this case, 0.01 g/100 ml), bovine alumin 

(0.5% w/v) and NaCl (0.9% w/v). 

5) Optimization of the silylated estradiol 

2 5 concentration employed 

The concentration of silylated estradiol brought into 
contact with the sample containing HF was optimized in 
order to enable desilylated estradiol, ..and therefore 

3 0 the fluorine, to be detected subsequently. 

Thus, if the concentration of silylated estradiol 
employed is very low, this low concentration does not 
always enable detection to be effected with great 
35 precision even if all the silylated estradiol is 
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transformed into estradiol. 

A number of tests were carried out in order to 
determine the optimum concentration of modified 
5 estradiol to be used for the desilylation in the method 
of the invention. This concentration naturally varies 
in dependence on the reagents employed and on the 
operational conditions . 

10 In the examples which are presented here, the 
concentration is preferably 200 ng/ml. 

It is possible to estimate that this concentration will 
in general, in the case of estradiol and its 
15 derivatives, be from 1 to 2000 ng/ml, preferably from 2 
to 500 ng/ml, with these ranges being given only as an 
indication, particularly for the conditions of the 
example. 

2 0 6) Silylating the estradiol 

One volume of estradiol (2 mg/ml) is mixed with 
4 volumes of MTBSTFA and the whole is incubated at room 
temperature for from 3 0 minutes to 1 hour. 

25 

The silylating agents employed are BTSFA or MTBSTFA. 
The products which can be obtained are depicted above. 

Verification by liquid chromatography and mass 

3 0 spectrometry showed that the estradiol had been 

silylated. 

Having once been silylated, the estradiol is diluted by 
a factor of 1000 in 100% dimethyl formamide (DMF) , or 
35 else in 100% dimethyl sulfoxide (DMSO) , before use. 
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7) Desilylating the estradiol 

2.5 JLL1 of 1M phosphate buffer (pH = 5.5) and 47.5 [il of 
sample, or of an HF solution of known concentration 
5 (standard series) , are added to 50 |ill of silylated 
estradiol. 

The mixture is shaken and then left at 55-66 °C for 
1 hour to dryness in a water bath. 

10 

The desilylation reaction can be stopped by diluting 
the mixture in an assay buffer (dilution by a factor of 
40) which is 0.05 M phosphate buffer, pH 7, containing 
azide (0.01% w/v) (% w/v = ratio of weight in g to a 
15 volume of 100 ml) (that is, in this case, 
0.01 g/100 ml), bovine albumin (0.5% w/v) and NaCL 
(0.9% w/v) . 

8) Enzymic indicator: measuring the enzymic activity of 

2 0 acetylcholine esterase (Ellman reaction) 

The method uses a pseudosubstrate, i.e. 

acetylthiocholine (AcTCh) , which is hydrolyzed at the 
same rate as acetylcholine. This hydrolysis leads to 
25 the formation of thiocholine (TCh) , which is able to 
reduce dithionitrobenzene (DTNB) . The reduced DTNB 
strongly absorbs in the visible range (£m 412 nm — 
13600 mol" 1 . cm" 1 . 1) , producing a yellow color. 

3 0 The AcTCh is used at a concentration at which the 

activity of the AChE is maximal, taking into account 
its inhibition by excess substrate. In addition, the 
quantity of DTNB employed is less than that of AcTCh so 
as to avoid colorimetric measurements after all the 
35 substrate has been transformed. By contrast, the 
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quantity of DTNB employed is in excess as compared to 
the quantity of TCh produced so as to ensure that the 
hydrolysis of one molecule of AcTCh leads to the 
formation of only one molecule of reduced DTNB. 

5 

The skilled person knows how to carry out the Ellman 
reaction and can, on the basis of the information which 
is provided here, without difficulty find the 
operational conditions which are optimal for 
10 implementing the invention. 

9) I mmunoas saying the native estradiol: quantifying HF 

The estradiol extracts which have previously been 
15 obtained are diluted 1/40 and portioned out on assay 
plates in the presence of the tracer and the anti- 
estradiol antibodies. The reaction volume is 200 jj.1 . 

The immunological reaction is carried out at ambient 

2 0 temperature for one hour. 

The assay plates are washed in order to remove unbound 
tracer and 0.2 ml volumes of indicator solution are 
added . 

25 

After approximately 1 h, the yellow color appears and 
optical density measurements are carried out using a 
spectrophotometer . 

3 0 10) Interpreting the results 

Using a standard HF series, it was possible to 
determine the concentration of the fluorine contained 
in the samples in the assays which were performed, thus 
35 demonstrating the feasibility of the method of the 
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invention. 

Example 2: Study of the difference in the specificity 
of HF detection in the case of MTBSTFA-modif ied 
5 estradiol and in the case of BTSFA-modif ied estradiol 

In all the manipulations described below, the silylated 
estradiol was used, during the desilylation, at a 
concentration which was the same for all the samples in 
10 a given experiment. This concentration was 200 ng/ml. 

In the case of the other reagents, the concentrations 
were as follows: 

15 - mouse anti- estradiol antibody: 5 Jig/ml ; 
acetylthiocholine : 7X10" 4 M; 

5-5' -dithiobisnitrobenzoate : 7X10" 4 M; and 
estradiol coupled to acetylthiocholine: 

approximately 1 ng/ml. 

20 

The tests were carried out in 300-|Xl wells on 
polystyrene strips in the manner explained in 
Example 1 . 

25 A) The estradiol which is silylated with BTSFA (which 
transfers a trimethylsilyl group) is cleaved 
(desilylation reaction) with HF, thereby recovering its 
native form. Such a cleavage can also be observed when 
using other acids: hydrochloric acid (HC1) , nitric acid 

30 (HN0 3 ) , sulfuric acid (H 2 S0 4 ) and phoshoric acid (H 2 P0 4 ) . 
The results are presented in the appended Figure 4 . 

Therefore, when this silyl group is used, the 
desilylation reaction is not always specific for the 
35 fluorine. This silylated estradiol is therefore 
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suitable, instead, for detecting HF when the latter is 
on its own or else for detecting HF when the other 
acids are not present . 

5 B) Although exhibiting a lower solubility in aqueous 
medium, the estradiol which is silylated with MTBSTFA 

(which transfers a silyl group which is more 
hydrophobic than that transferred by BTSFA) is cleaved 

(desilylation reaction) specifically by HF, thereby 
10 recovering its native form. Thus, as the appended 
Figure 6, which was produced under the same conditions, 
shows, the other acids which were tested do not cleave 
estradiol which has been modified in this way (see 
Example 3 below) . 

15 

The inventors therefore selected MTBSTFA for silylating 
the estradiol in the examples which follow. 

Example 3: Seeking buffers which are suitable for the 
20 fluorine desilylation reaction in the method of the 
invention 

Since some acid entities also have an effect on the 
desilylation of estradiol which has been modified using 
2 5 . MTBSTFA (see Example 2) , the inventors decided to seek 
buffer solutions which accentuated the specific effect 
of the fluorine on the desilylation reaction and 
inhibited the non-specific effect due to the acid 
nature of the other compounds which might be present . 

30 

When present at high concentrations (necessary for 
buffering the high acid concentrations) , bases such as 
sodium hydroxide (NaOH) and potassium hydroxide (KOH) 
also induce desilylation of the estradiol in the 
35 absence of acid (data not shown). They cannot, 
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therefore, be used. 

Phosphate buffer (KH2PO4/K2HPO4) solutions which were 
50 mM in phosphate ion were also tested. They gave good 
5 results. The pH of these solutions was studied in order 
to ensure that their acidity did not result in the 
silylated estradiol being spontaneously desilylated. 

The method of the invention can therefore 
10 advantageously be carried out in a buffered medium, for 
example when the sample may contain other acids or 
bases which are able to induce spontaneous desilylation 
of the organic compound and therefore reduce the 
detection and/or measurement sensitivity of the method 
15 of the invention. 

Furthermore, the inventors observed that, under certain 
conditions, a desilylation temperature which was too 
high could result in the modified estradiol being 
20 spontaneously desilylated (data not shown) . For this 
reason, each of the different buffering agents was 
studied at different temperatures. 

The appended Figure 5 shows the results which were 
25 obtained. In this figure "E2M" represents dimethylsilyl 
tert-butyl estradiol and "A.T." represents the ambient 
temperature . 

While, in the case of phosphate buffer solutions at pK 
30 5.5 or 6, spontaneous desilylation of the silylated 
estradiol occurs at 94°C, there is no such desilylation 
at 54°C. 

In conclusion, the preferred conditions for 
35 desilylating silylated estradiol were set as follows: 
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temperature between 54 and 64 °C in a 50 mM phosphate 
buffer at pH 5.5. As will be understood, these 
conditions were determined for estradiol and the 
abovementioned silyl group, and under the previously 
5 mentioned operational conditions. 

On the basis of the information which has been provided 
herein, the skilled person will readily be able to 
determine other conditions in dependence on the 
10 silylated organic compound selected, on the sample and 
on the conditions under which the method of the 
invention is implemented. 

Example 4: Effect of different acids on the 
15 implementation of the method of the invention 

The effects of various other acids on the desilylation 
were tested under the conditions mentioned above in 
Example 3 . 

20 

The results of these tests are depicted in Figure 6 . In 
this figure, "F.ac" represents formic acid; u ac.ac" 
represents acetic acid; "P.ac" represents phosphoric 
acid; "OP.ac" represents orthophosphoric acid; and 
25 "T.ac" represents trif luoroacetic acid. 

These results clearly show that acids other than HF 
have almost no effect on estradiol which is silylated 
by MTBSTFA. 

30 

The silyl group which is selected therefore plays a 
role in the specificity of the detection of the 
fluorine. This fact is to be considered when chemical 
components other than the fluorine are present in the 
35 sample being tested, especially if these components are 
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able to induce desilylation of the organic compound 
being employed. 

Example 5: Specificity for fluorine as compared to 
5 other halogens and nucleophiles 

Fluorine is a halogen and also has a nucleophilic 
character. In order to test the specificity for 
fluorine in the estradiol desilylation reaction, the 
10 effect of other halogens, such as Bu 4 NBr, Bu 4 NCl , Bu 4 NI 
and KI, and of nucleophiles, such as 4 -nitrophenol and 
4-nitroimidazole , was studied under the operational 
conditions of the previous examples and with the 
estradiol being silylated with MTBSTFA. 

15 

The appended Figure 7 depicts the experimental results 
which were obtained in this example and demonstrates 
the specific effect of fluorine as compared with other 
products. 

20 

It clearly appears that, in comparison with the other 
products tested, fluroine is very specific in the 
estradiol desilylation reaction. 

2 5 Example 6: Cleavage by HF and by fluorine ions 

In this example, various fluorine salts were brought 
into contact with MTBSTFA- silylated estradiol under the 
experimental conditions used in the preceding examples. 

30 

The appended Figure 8 collates the results which were 
obtained. In this figure, the usual chemical symbols 
were used to identify the different fluorine salts 
which were tested. 



35 
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The fluorine ions behave similarly to HF in regard to 
cleaving the silylated estradiol, with this confirming 
the specificity of the reaction for fluorine. 



5 Example 7: Analytical power of the method of the 
invention, and effect of the addition of an organic 
solvent 

Under the conditions described in the above examples, 
10 the sensitivity for measuring HF is approximately 
5X10" 5 M (that is 1 |lg/ml) in the case of HF which is 
diluted in aqueous medium, as Figures 7 and 8 show. 

During the course of supplementary studies, the 
15 inventors noted that the sensitivity of the method of 
the invention can be increased still further by adding 
a water-miscible organic solvent to the aqueous 
desilylation solution . 

2 0 The experiment was carried out using dimethyl formamide 

(DMF) (see silylation of estradiol) and dimethyl 
sulfoxide (DMSO) . 

The sensitivity can be improved by a factor of 500 
25 (approximately 10" 7 M, that is 0.001 |ig/ml) by using 
dimethyl sulfoxide (DMSO) as solvent for implementing 
the desilylation in accordance with the method of the 
invention. 

30 Figure 19 depicts the dose-response curve for fluoride 
ions in the case of a reaction carried out in the 
presence of dimethyl sulfoxide at a concentration of 
95% by volume based on the total volume of the 
contacting aqueous solution. These results are to be 

3 5 compared with those from the previous examples.. 



45 



B14260.3 EE 



The addition of the organic solvent to said contacting 
aqueous solution therefore substantially increases the 
sensitivity for detecting and/or measuring fluorine by 
5 the method of the invention. 

Example 8: Using the method of the invention when the 
compound of the invention is an estradiol derivative 

10 In this example, the organic compound employed for 
implementing the method of the invention is an O-methyl 
derivative of estradiol (E20CH 3 ) : 17-betaestradiol 
3 -methyl ether of the formula: 



OH 




15. 

The operational conditions which are used are those 
explained in Examples 1 and 2 above. 

The experimental results which are obtained are 
20 reported in the appended Figure 17. It is indeed 
observed that E20CH 3 is desilylated in the presence of 
fluorine. 



There are, therefore, cogent reasons for using an 
25 estradiol derivative in the method of the invention. 

Example 9: Using the method of the invention when the 
organic compound is a peptide possessing hydroxyl 
functions 
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In this example, the organic compound is a peptide. The 
peptide is a tetrapeptide , i.e. acetylated Ser-Asp-Lys- 
Pro (AcSDKP) of the formula: 




5 

AcSDKP is a peptide which possesses hydroxyl groups, 
advantageously allowing it, at one and the same time, 
to be silylated and to be attached to a solid phase by 
10 its carboxyl or amino groups. 

The silylation reactions of this peptide were studied 
first of all, with this being followed by a study of 
the use of this silylated compound in the method of the 
15 invention. 

AcSDKP (1 mg/ml) was silylated with undiluted BSTFA or 
MTBSTFA for 10, 30 or 60 minutes at 22°C, 37°C or 60°C. 
After the reaction, the silylated AcSDKP was detected 
20 by an AcSDKP-specif ic competitive -.assay by means of the 
technique described in document [5] and using rabbit 
polyclonal antibodies. In this case, an increase in the 
signal indicates that immunoreactivity has been lost 
and that the silylation has therefore been effective. 

25 

As the appended Figure 15, which reports the 
experimental results obtained, shows, MTSBTFA decreases 
the reactivity of the AcSDKP at 60°C, with this 
suggesting that the compound has been silylated. 
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Desilylation tests were then carried out on this 
silylated peptide in the presence of HF, in accordance 
with the present invention. The appended Figure 16 
5 collates the results which were obtained. It is seen 
that the HF desilylates the peptide. Thus, the loss of 
the silylated group results in immunoreactivity being 
increased and therefore in the signal becoming weaker. 
As the figure shows, the signal decreases in the 
10 presence of HF. 

The method of the 
implemented when using 
organi c compound . 

15 

Example 10: Detecting and measuring fluorine in 
solution 

In order to verify the validity of the method of the 
2 0 invention, the authors tested various mineral waters 
whose concentration of fluorine is known. 

The protocol employed is that of Example 1 and the 
organic compound selected is estradiol silylated with 
25 MTBSTFA (dimethyl tert-butyl estradiol) . 

Table I below collates the results which were obtained 
in this example. The table shows that the presence of 
fluorine was detected in every case. 

30 

The correlation between the theoretical concentration 
and the concentration which was found appears correct 
in the case of the most concentrated water samples. It 
is possible that the nature of the fluorine present in 
35 the sample is the cause of the few variations which 



invention can therefore be 
a hydroxylated peptide as the 
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were observed. 

Table I 

Measurement of fluorides in mineral waters 

5 



Water 
samples 


[fluorides] 


[dry 
extracts] 
mg/ml 


pH 


[F] 
detected 
[XM 


% Of F 
found 


mg/ml 


JIM 


Vichy St 
Yorre 


9 


470 


4774 


6.6 


780 ± 271 


170 ± 60 


San- 

Pellegrino 


0.61 


32 


1074 


7.5 


151 


470 


Badoit 


1 


52 


1200 


6 


28.5 ± 12 


50 ± 20 


Vichy 
Celestin 


6 


135 


3325 


6.8 


305 ± 81 


97 ± 26 


Quezac 


2 .1 


100 






53 


53 



Example 11: Detecting and measuring fluorine from 
gaseous media 

10 The HF to be measured is frequently in gaseous form and 
it is necessary to pass it into aqueous solution in 
order to measure it. Since they did not have any air 
which was contaminated with HF, the inventors 
artificially created such samples by evaporating an HF 

15 solution of known concentration in a sealed container. 
Once the HF had evaporated, the air was pumped into, 
and caused to bubble in, a collecting buffer (DMF) . 

Using a system which enables 100 liters of air, whose 
20 concentration of HF is 1.2 x 10" 2 1/10 6 1 of air 
(12 ppb) , to be filtered, an HF concentration of 10" 5 M 
is obtained in solution (subject to a 100% yield) . 

The protocol which is used for detecting the fluorine 



is that described in Example 1. The organic compound 
selected is estradiol silylated with MTBSTFA (dimethyl 
tert-butyl estradiol) . 

5 The results which are presented in Figure 9 show that 
the fluorine is detected in every case. The correlation 
between the theoretical and detected concentrations of 
fluorine is fairly good. 

10 The method, according to the invention, for detecting 
HF in air therefore easily makes it possible to detect 
HF at concentrations of the order of 1CT 2 1 of HF/10 6 1 
of air (10 ppb) . 

15 Example 12: Applying the method of the invention to the 
detection and measurement of fluorine by means of 
non- competitive immunoassay 

1) General strategy 

20 

The aim is to use the previously acquired results, 
namely the possibility of modifying the immunological 
recognition of a silylated compound by the action of 
HF. 

25 

As compared to the previous assay jEormat (competitive) , 
the immunometric approach consists in immobilizing the 
silylated compound covalently on a solid surface. Its 
transformation by HF leads to an immunoreactive form, 
3 0 and therefore to the appearance of a signal, contrary 
to the competitive assay in which the signal 
disappears . 

This format frequently results in superior sensitivity, 
35 probably due to favorable thermodynamics linked to the 



B14260.3 EE 



50 



reagents which are in excess and to easier reading, 
based on the fact that it is easier to see or measure 
the appearance of a signal than its disappearance. 

5 2) Reagents and protocol 

The antibody employed is that described in reference 
[39] . 

10 The biotinylation of the rabbit antibody and the 
labeling of the streptavidin or the antibodies with 
acetylcholine esterase were carried out in the 
laboratory using the customary techniques known to the 
skilled person. 

15 

All the chemical reagents and products were obtained 
from Sigma or Merck. The compounds obtained come from. 
Sigma or Steraloids (in the case of the estradiol 
derivatives) . 

20 

The assay buffer is an 0.05 M phosphate buffer, pH 7.4, 
containing azide (0.01%), bovine albumin (0.5%) and 
NaCl (0 . 9%) . 

25 The enzymic indicator consists of a mixture of 
acetylthiocholine and dinitrif luorobenzene . Following 
reaction with the tracer, it produces a yellow color 
which is visible to the naked eye or which can be 
quantified using a spectrophotometer at 414 nm. 

30 

The plates which were used for carrying out the 
experiments, in particular for attaching the estradiol, 
derivative, come from Nunc (Rochester, USA) . 

35 The silylating agents employed are BSTFA and MTBSTFA. 
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10 



15 



20 



The estradiol which is used is shown below. The 
advantage of this compound is that it makes it possible 
to use antibodies for the detection and the basic 
principle which was previously developed for the 
competitive assay. 

The inventors firstly verified that the ant i -estradiol 
antibodies which were obtained recognized the 
unsilylated compound (53% cross-reaction with the 
antibodies as compared to estradiol) and not the 
silylated compound. The verification was positive. 



ho c Chfecr 

Structure of estradiol carboxymethyl ether (EstCME) 

The inventors then tested the covalent attachment 
(binding) of the estradiol to two types of plate: 
plates possessing amino groups (Nunc-NH 2 plates) and 
plates which were activated with polylysine (poly— Lys) . 

3) Tests of the attachment of the estradiol derivative 

The EstCME was incubated on Nunc plates in the presence 
of equimolar concentrations of N-hydroxysuccinimide 
(NHS) , an agent which binds the amino groups on the 
plate to the carboxyl groups of the antigen, at 22°C 
for 3 hours. Visualization was effected using a 
100 ng/ml anti-estradiol antibody at 20°C for 4 hours 
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and then using a goat ant i- rabbit antibody antibody 
coupled to acetylcholine esterase (2 Ellman units of 
gAb-AchE/ml) at 22°C for 2 hours. The enzymic activity 
is visualized by adding the Ellman reagent, a substrate 
5 of the AchE . 

The results which were obtained are reported in the 
appended Figure 10. They show that the estradiol is 
bound effectively and that the maximum appears to be 
10 achieved at the highest concentration tested 
(100 jil/ml) . 

This initial experiment was repeated using plates on 
which polylysine (poly-Lys) (between 1 and 100 jxg/ml in 
15 phosphate buffer) had previously been absorbed. 

The results which were obtained are reported in the 
appended Figure 11. In this case, the results are of 
the same order whatever the concentration of polylysine 
2 0 studied. This furthermore demonstrates that the amino 
groups carried by the polylysine are more accessible 
for binding the chosen estradiol. 

In order to study the influence of the concentration of 
25 polylysine in more detail, the test was repeated using 
a wider range of polylysine concentrations. The. results 
which were obtained are reported in the graph in the 
appended Figure 12 . They show an optimum for polylysine 
around 1 (Xg/ml . 

30 

The two preceding figures (Figures 11 and 12) appear to 
indicate effective coupling of the estradiol derivative 
to the plates, with a plateau obtained at a polylysine 
concentration of 1 |j,g/ml and an estradiol carboxymethyl 
35 ether concentration of 10 |lg/ml. 
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4) Silylating the estradiol derivative 

In addition, the inventors sought to demonstrate the 
5 best conditions for silylating the abovement ioned 
compound. The estradiol carboxymethyl ether was 
reacted, for from 0 to 60 minutes, with MTBSTFA at 
various concentrations (1/5, 1/2 and 1/1) and two 
temperatures (22° or 37°C) . The -silylation is measured 
10 by means of the competitive assay of the silylated 
estradiol in which the silylated estradiol loses its 
recognition (and in which the signal should increase) . 

The results which were obtained are reported in the 
15 appended Figure 13. This figure shows that, under 
conditions of high MTBSFA concentration, the estradiol 
carboxymethyl ether loses its immunoreactivity . This 
loss is indicated by an increase in the signal, due to 
the absence of recognition. The MTBSFA is demonstrated 

2 0 to have a dose effect. 

These results taken together, i.e. efficacy of the 
coupling to the solid phase and of the silylation, 
enabled the following coupling/desilylation test to be 
25 carried out on plates. 

5) Coupling/desilylation test 

The estradiol carboxymethyl ether (8.3 mg/ml) was 

3 0 reacted, at 22 °C for 1 hour, in the presence of MTBSTFA 

at the same concentration and then diluted in water to 
1 |lg/ml and reacted, at 22 °C for 1 hour and in the 
presence of NHS, on plates which were coated with 
polylysine (1 |Lig/ml) . 

35 
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Desilylation was effected, at 22, 37 or 64°C for 
1 hour, in the absence or presence of HF at a 
concentration of 1 mM. 

5 The results are reported in the appended Figure 14 . As 
this figure shows, it is possible to observe an 
increase in the immunoreactivity which corresponds to a 
desilylation of the silylated estradiol carboxymethyl 
ether in the presence of HF. 

0 

This thereby demonstrates the detection of HF by the 
method of the invention when the silylated organic 
compound is bound to a support. 
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